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ABSTRACT: A nickel(II)/lead(II) coordination polymer [(NCS)Pb(H2O)-
LNi(NCS)]n {H2L = N,N′-bis(3-methoxysalicylidene)propane-1,3-diamine} has
been synthesized and characterized. The band gap (3.18 eV) calculated from
Tauc’s plot suggests the semiconducting nature of the complex. The material has
a photosensitivity of 5.76, indicating its applicability in the fabrication of
photosensitive devices. The complex has been successfully applied in a
technologically challenging thin-ﬁlm photosensitive Schottky device.
■ INTRODUCTION
Coordination polymers (CPs) have attracted the interest of
coordination chemists for the last few years for their
application in gas absorption, magnetic material, catalysis,
luminescence, drug delivery, sensor technology, etc.1,2
Although application of some organic materials in light-
emitting diodes3 and ﬁeld eﬀect transistors4 is known,
fabrication of an active electronic device using CPs is not
well explored till date. Some d10 metals have the ability to
increase the intensity and shift the wavelength of emission of
organic ligands by metal coordination, and therefore d10 metal-
based CPs were used in optoelectronic devices.5 There are
reports in the literature regarding the fascinating application of
some semiconducting CPs in photovoltaics6 and other
optoelectronic devices.7 N2O2O2′ donor compartmental Schiﬀ
base ligands have been widely used for the preparation of
hetero-dinuclear complexes.8 These could then be linked using
suitable pseudohalides [NCS−, N3
−, NCO−, and N(CN)2
−] to
generate various CPs.9 Although any member of the ﬁrst
transition series is a good choice to be placed in the inner
N2O2 compartment of such ligands, nickel(II) is preferred for
its ability and ﬂexibility to bind both hard and soft donor
centers with equal ease and to adopt varieties of geometries
with diﬀerent coordination numbers, oxidation states, and its
applicability extending from organometallic to biological
chemistry.10 On the other hand, the coordination chemistry
of lead(II) is also interesting for its potential to form hemi- as
well as holo-directed complexes with coordination numbers
ranging from 2 to 10.11 However, it must be remembered that
lead is hazardous to pollution and health12 and must be
handled with great care. Any semiconducting material showing
rectifying nature in a metal−semiconductor (MS) junction can
be applied in the Schottky device.13 The nonlinear rectifying
behavior of I−V characteristics of that material-based device
measured under dark and illumination conditions proves its
photosensitive Schottky diode character.14 However, to the
best of our knowledge, there is no report in the literature to use
any X-ray characterized hetero-bimetallic CP for the
fabrication of any optoelectronic devices till date. In this
work, a compartmental Schiﬀ base ligand has been used to
synthesize a nickel(II) complex, which could then be used as a
metalloligand to prepare a hetero-bimetallic nickel(II)/lead(II)
building block, which in turn, is linked via thiocyanate to form
a coordination polymer (Scheme 1). The band gap (3.18 eV)
has been calculated from Tauc’s plot, and it suggests the
semiconducting nature of the complex. The rectifying nature in
I−V characteristics hints toward its Schottky diode character-
istics. The on−oﬀ ratio (70) of the semiconductor device
fabricated with CP is high. This is eventually the ﬁrst report of
any hetero-bimetallic coordination polymer with photo-
sensitivity, which could be used in the fabrication of a
Schottky diode.
■ EXPERIMENTAL SECTION
Nickel(II) thiocyanate tetrahydrate has been prepared by us
following the literature method.15 Other reagents and solvents
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(AR grade) were used as procured from Sigma-Aldrich without
puriﬁcation.
Syn the s i s . S yn th e s i s o f H 2 L [N ,N ′ - B i s ( 3 -
methoxysalicylidene)propane-1,3-diamine]. 3-Methoxysali-
cylaldehyde (304 mg, 2 mmol) and 1,3-diaminopropane
(0.13 mL, 1 mmol) were mixed in methanol (20 mL), and
the mixture was reﬂuxed for ca. 1 h to prepare H2L via Schiﬀ
base condensation. The ligand was not isolated and was used
directly for the synthesis of the complex in the next step.
Synthesis of [(NCS)Pb(H2O)LNi(NCS)]n. A methanol (10
mL) solution of lead(II) nitrate (332 mg, 1 mmol) was added
to the methanol solution (20 mL) of H2L, and the resulting
solution was stirred for 15 min. A methanol (10 mL) solution
of nickel(II) thiocyanate tetrahydrate (250 mg, 1 mmol) was
then added to it, and the stirring was continued for about 2 h.
X-ray quality crystalline complexes were obtained after 3−4
days on slow evaporation of the solution in open atmosphere.
Suitable single crystals were isolated from this product for X-
ray diﬀraction analysis.
Yield: 518 mg (70%). Anal. calcd for C21H22N4NiO5PbS2
(FW = 740.46): C, 34.06; H, 2.99; N, 7.57; found: C, 33.9; H,
2.8; N, 7.7%. FT-IR (KBr, cm−1): 1635 (CN); 2112, 2042
(CN). UV−vis [λmax (nm)] [εmax (L mol−1 cm−1)] (DMF):
271 (1.7 × 104); 352 (8.6 × 103); 584 (9.5); 814 (74.1).
Physical Measurements. C, H, and N analysis was
performed using a PerkinElmer 240C elemental analyzer. IR
spectrum in KBr (4500−500 cm−1) was recorded with a
PerkinElmer Spectrum Two spectrophotometer. Electronic
spectrum of the complex in N,N-dimethylformamide (DMF)
was recorded on a PerkinElmer Lambda 35 UV−visible
spectrophotometer. Steady-state photoluminescence spectrum
of the complex in DMF was obtained in Shimadzu RF-5301PC
spectroﬂuorometer at room temperature. Time-dependent
photoluminescence spectrum was recorded using a Hamamat-
su MCP photomultiplier (R3809) and was analyzed by using
IBHDAS6 software. X-ray diﬀraction of the powdered sample
was performed on a Bruker D8 instrument with Cu Kα
radiation (λ = 1.5406 Å).
X-ray Crystallography. A suitable single crystal of the
complex was picked and mounted on a glass ﬁber, and
diﬀraction intensities were measured with an Oxford
Diﬀraction X-Calibur diﬀractometer equipped with Mo Kα
radiation (λ = 0.71073 Å, 50 kV, 40 mA) at 150 K. Data
collection and reduction were performed with the Crysalis
software.16 The structure of the complex was solved by direct
methods using SHELXS-97 and reﬁned by full-matrix least
squares on F2, using the SHELXL-2016 program.17 Non-
hydrogen atoms were reﬁned anisotropically. Hydrogen atoms
attached with oxygen atoms were located by diﬀerence Fourier
maps. All other hydrogen atoms were placed in their
geometrically idealized positions and constrained to ride on
their parent atoms. Programs used included PLATON,18
DIAMOND,19 ORTEP,20 and MERCURY.21
Device Fabrication. Electrical characterization was
performed in the complex-based metal−semiconductor (MS)
junction devices. These devices were fabricated by depositing a
thin ﬁlm of a well-dispersed solution of the synthesized
complex. To develop the thin ﬁlms, indium tin oxide (ITO)-
coated glass substrates were cleaned by acetone, ethanol, and
distilled water with the help of an ultrasonicator. Thereafter,
the complex was separately mixed with N,N-dimethylforma-
mide (DMF) in the right proportion (20 mg mL−1) and
sonicated for several minutes until it produces a well-stabilized
dispersion. Then, on the top of the cleaned ITO-coated
substrates, stable dispersion of the just prepared complex was
spun ﬁrst at 600 rpm for 4 min and thereafter at 1000 rpm for
6 min with the help of SCU 2700 spin coating unit. To
evaporate the solvent, as-deposited thin ﬁlms were annealed
under vacuum at 80 °C for 30 min. For the characterization of
the developed thin ﬁlm, thickness was measured by a surface
proﬁler as ∼1 μm. Pure Al (99.99%) was chosen as the metal
electrode and was deposited on to the active thin ﬁlm to
prepare the metal−semiconductor (MS) interface through a
shadow mask by thermal evaporation technique with the help
of a vacuum-coating unit under a base pressure of 10−6 Torr.
The eﬀective areas of the ﬁlms were maintained as 7.065 ×
10−2 cm−2. For electrical characterization of the devices, the
current−voltage (I−V) characteristics were recorded under
dark and AM 1.5G radiation with the help of a Keithley 2635B
source meter by a two-probe technique. All preparation and
measurements were performed at room temperature and under
ambient conditions.
■ RESULTS AND DISCUSSION
Synthesis. H2L is a N2O2O2′ donor Schiﬀ base ligand, and
it has been prepared by reﬂuxing 1,3-diaminopropane and 3-
methoxysalicylaldehyde in methanol following the literature
method.22 The ligand (H2L) on reaction with lead(II) nitrate
followed by the addition of nickel(II) thiocyanate tetrahydrate
formed the complex. Formation of the complex has been
shown in Scheme 1.
Structure Description. [(NCS)Pb(H2O)LNi(NCS)]n. The
complex crystallizes in monoclinic Space group P21/n.
Selected crystallographic data have been summarized in
Table 1. Signiﬁcant bond lengths and bond angles have been
gathered in Tables 2 and S1 (Supporting Information),
respectively.
The complex consists of a chain system with the repeating
hetero-dinuclear neutral units, [(NCS)Pb(H2O)LNi(NCS)]n,
joined through two μ1,3-thiocyanate bridge. In each bimetallic
unit, the nickel(II) and lead(II) centers, respectively, occupy
Scheme 1. Schematic Representation for the Synthetic Route to the Complex
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the inner N2O2 and outer O2O2′ sites of the potential N2O2O2′
donor deprotonated compartmental Schiﬀ base, L2−. A
perspective view of the asymmetric unit of the complex with
selective atom numbering scheme is depicted in Figure 1. Both
nickel(II) and lead(II) have pseudo octahedral geometries.
Ni(1) is coordinated by two imine nitrogen atoms, N(19) and
N(23), and two phenoxo oxygen atoms, O(11) and O(31), of
the deprotonated potential N2O2O2′ donor compartmental
Schiﬀ base ligand (L)2−, which constitute the equatorial plane.
The deviation of the coordinating atoms N(19), N(23),
O(11), and O(31) from the least-square mean plane through
them is −0.037(5), 0.038(5), 0.044(4), and −0.043(4) Å,
respectively, and that of Ni(1) from the same plane is
0.0025(7) Å. The ﬁfth coordination site is occupied by one
nitrogen atom, N(2), from a thiocyanate anion. A nitrogen
atom, N(1)#, from a symmetry-related (1/2 − x, −1/2 + y, 1/2
− z) thiocyanate anion coordinates nickel(II) in its sixth
coordination site to form a distorted octahedron. On the other
hand, lead(II) is coordinated by two phenoxo oxygen atoms,
O(11) and O(31), and two ethoxy oxygen atoms, O(131) and
O(291), which constitute the equatorial plane. The ﬁfth
coordination site is occupied by an oxygen atom, O(1), from a
water molecule. A sulfur atom, S(1), from an end-to-end
bridged thiocyanate coordinates with lead(II) in its sixth
coordination site to complete its distorted octahedral
geometry. Nickel(II) and lead(II) centers are bridged by two
phenoxo oxygen atoms, O(11) and O(31), with Ni(1)···Pb(1)
distance being 3.458(7) Å. The bridging angles, Ni(1)−
O(11)−Pb(1) and Ni(1)−O(31)−Pb(1), are 104.5(2) and
105.3(2)°, respectively. The Ni(1)−O(11)−O(31)−Pb(1)
core is almost planar (the dihedral angle is close to ∼5.32°).
Supramolecular Interaction. The complex forms an
interesting supramolecular structure via π···π interactions. π···π
interactions have been observed between the phenyl ring
C(12)−C(13)−C(14)−C(15)−C(16)−C(17) and symmetry-
related (−x, −y, −z) phenyl ring C(12)−C(13)−C(14)−
C(15)−C(16)−C(17). These interactions form a two-dimen-
sional (2D) structure (Figure 2). Details of the geometric
features of π···π interactions have been given in Table 3.
Morphological Analysis. Microstructure of the complex
has been studied by ﬁeld emission scanning electron
microscope (FESEM) and presented in Figure 3. The
micrograph states featherlike morphology of the complex.
Optical Analysis. The Tauc plot (the details have been
given in the Supporting Information) of the material has been
presented in Figure 4. From Tauc’s plot, the direct energy
band gap (Eg) of the material has been estimated as 3.18 eV by
measuring the x-intercept of the extrapolated linear part of the
plot (αhν)2 vs (hν). The analysis for taking direct band gap has
been provided in the Supporting Information.
As the band gap suggests that the complex is semiconducting
in nature, there is a possibility to apply the complex in a
Table 1. Crystal Data and Reﬁnement Details
formula C21H22N4NiO5PbS2
formula weight 740.46
temperature (K) 150
crystal system monoclinic
space group P21/n
a (Å) 12.3716(6)
b (Å) 9.6865(3)
c (Å) 20.7826(13)
β (°) 105.941(6)
Z 4
dcalc (g cm
−3) 2.054
μ (mm−1) 8.022
F (000) 1432
total reﬂections 15 388
unique reﬂections 6823
observed data [I > 2σ (I)] 5172
no. of parameters 326
R (int) 0.051
R1, wR2 (all data) 0.0798, 0.0987
R1, wR2 [I > 2σ (I)] 0.0538, 0.0916
Table 2. Selected Bond Lengths (Å) of the Complex
Ni(1)−O(31) 2.034(4) Pb(1)−O(11) 2.328(4)
Ni(1)−N(23) 2.030(5) Pb(1)−O(131) 2.655(6)
Ni(1)−N(19) 2.029(6) Pb(1)−O(31) 2.310(4)
Ni(1)−O(11) 2.039(4) Pb(1)−O(291) 2.645(6)
Ni(1)−N(2) 2.154(6) Pb(1)−S(1) 2.867(2)
Ni(1)−N(1)a 2.112(5) Pb(1)−O(1) 2.703(7)
aSymmetry transformations = 1/2 − x, −1/2 + y, 1/2 − z.
Figure 1. (a) Perspective view of the complex (asymmetric unit) with a selective atom numbering scheme; (b) the polymeric structure of the
complex. Only the relevant atoms have been shown for clarity in both cases.
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semiconducting device. But there has always been techno-
logical diﬃculty in application of these materials in active
devices. Thus, to check the possibility of device application,
fabrication of a metal−semiconductor-based thin-ﬁlm Schottky
diode has been tried. As the electronic charge transport
properties determine the performance of the devices, it is very
important to analyze charge transport properties in detail.
Electrical Characterization. The current−voltage (I−V)
measurements of the device [schematic diagram (Figure S2)
has been given in the Supporting Information] fabricated with
CP have been done in dark and under AM 1.5G light
illumination in the voltage range of −2 to +2 V. Experimentally
obtained I−V curves of the device under dark and illumination
are shown in Figure 5. The inset in Figure 5 represents the
curve in log scale.
The nonlinear I−V curve of the device under both the
conditions indicates that the fabricated metal−semiconductor
junction is a Schottky junction. From the I−V curve,
rectiﬁcation ratios have been calculated, which are 70 and 89
under dark and illumination condition, respectively. This
proves the successful application of the complex material in an
active electronic device. The estimated conductivity of the thin
ﬁlm has been increased from 2.02 × 10−4 S cm−1 under dark to
8.55 × 10−4 S cm−1 under light. The conductivity data for the
crystal has also been provided in the Supporting Information.
To assess the potentiality of the fabricated device for
application in a photodetector, we have estimated important
parameters like photosensitivity (S = Iph/ID where Iph is the
photocurrent and ID is the dark current Idark), speciﬁc
detectivity (D*), and responsivity (R). Photosensitivity of
our device is 5.76, and this has been compared with the other
reported devices and presented in Table 4.23
Responsivity (R) of the device can be estimated from the
following equation
R
I
P A
ph
in
=
Here, A is the eﬀective area of the diode and Pin is the incident
power of the light. For our device, the responsivity is 1.69 A
W−1, which is signiﬁcant for this kind of device. The speciﬁc
detectivity (D*) has been estimated from the equation
D
R
qI(2 )D
1/2* =
where q is the charge of electron. The speciﬁc detectivity of the
device has been estimated as 6.55 × 1010 Jones, which is again
Figure 2. Perspective view of 2D structure formed by π···π
interactions of the complex. Only the relevant atoms have been
shown for clarity.
Table 3. Geometric Features (Distances in Å and Angles in °) of the π···π Interaction Obtained for the Complex
Cg(ring I)···Cg(ring J) Cg···Cg (Å) α (°) Cg(I)···perp(Å) Cg(J)···perp(Å)
Cg(1)···Cg(1)a,b 3.763(4) 0 3.471(3) 3.471(3)
aSymmetry transformations = −x, −y, and −z. bα = Dihedral angle between ring I and ring J; Cg(I)···perp = perpendicular distance of Cg(I) on
ring J; Cg(I)···perp = perpendicular distance of Cg(J) on ring I. Cg(1) = center of gravity of the ring C(12)−C(13)−C(14)−C(15)−C(16)−
C(17), for the complex.
Figure 3. FESEM image of the complex.
Figure 4. UV−vis absorption spectra (inset) and Tauc’s plot for the
complex.
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signiﬁcant. All device parameters indicate that the fabricated
device has a great potential in the ﬁeld of active electronic
device.
Further analysis of the diﬀerent device parameters has been
done by thermionic emission theory given by the following
equation
i
k
jjj
y
{
zzzI I
qV
nKT
exp 10= [ − ]
Here, the forward current is represented by I, reverse
saturation current by I0, V denotes the applied bias voltage,
q is the electronic charge, k represents the Boltzmann constant,
T gives the absolute temperature, and n denotes the ideality
factor (IF). I0 is expressed by
i
k
jjj
y
{
zzzI AA T
q
KT
exp0
2 Bφ= *
−
The eﬀective area of the diode (A) is taken to be 7.065 × 10−2
cm2, A* denotes the Richardson constant whose value is 32 A
K−2 cm−1, and ϕB is the Schottky barrier height.
By using following Cheung’s equations24 given below, other
diﬀerent Schottky parameters have also been calculated
i
k
jjjjj
y
{
zzzzz
V
I
kT
q
IR
d
d ln S
η= +
i
k
jjj
y
{
zzzH I V
kT
q
I
AA T
( ) ln 2
η= −
*
H I IR( ) S Bηϕ= +
Here, the series resistance is given by RS and all other notations
are kept same.
The intercept of the dV/d ln I vs I plot shown in Figure 6 is
used to estimate the ideality factor. Determination of the
barrier potential height and the series resistance is done using
the intercept and slope of H(I) vs I plot given in Figure 7. The
various parameters calculated are enlisted in Table 5.
The ideality factor should be unity, but here it is less than 1,
which can be due to the presence of inhomogeneities at the
Schottky junction.25
For the assessment of charge transport behavior of the
device, mobility and diﬀusion length of charge carriers are the
two important parameters. So the charge transport mechanism
has been analyzed through the metal−semiconductor contact.
Here, we have estimated mobility (μeff), lifetime (τ), carrier
concentration (N), and diﬀusion length (LD) by applying space
charge limited current (SCLC) theory. Figure 8 shows the I−V
curve in a double logarithmic scale. The graph presented in
Figure 8 can be divided into three regions with diﬀerent slopes.
Region 1 (Reg 1), which represents the lower bias, follows
ohmic nature with current being directly proportional to
voltage. The origin of the current is from the bulk generated
electrons of the ﬁlm, rather than the injected free carriers.
Here, tunneling is the main contributing factor that can be
observed from the I−V curve.26
In Figure 8, the slope of Reg 2 is increased compared with
Reg 1. Within the material, a part of the injected carriers is
trapped within the traps present and a part remains free. With
the increase of applied voltage, traps within the material are
ﬁlled with a higher number of injected carriers.27 As the
current increases rapidly, the Fermi level (EF) moves through a
trap level.28 The slope of this region increases sharply as the
traps are being ﬁlled up rapidly by the carriers. The second
region is known as the trap ﬁlling region.28 When almost all
traps are ﬁlled, the slope of the third region decreases as result
of slower carrier movement. Here, current follows the
relationship I ∝ V2, which is the feature of trap-free space
charge limited current (SCLC) regime.27,28
So, eﬀective carrier mobility (μeff) has been estimated from I
vs V2 graph (Figure 9) of the trap-free SCLC region using the
Mott−Gurney equation29 given by
Figure 5. Current−voltage characteristics curve in dark and under
light.
Table 4. Previously Reported X-ray Characterized Photosensitive Complexesa
complex conductivity in dark conductivity under light photosensitivity ref
[CdL1(μ1,3-SCN)2]n 1.01 × 10−8 2.16 × 10−8 14.36 23a
[Cu2(adc)(4-pic)6(H2O)4][ClO4]2 8.21 × 10−4 11.84 × 10−4 1.83 23b
{[Zn(adc)(4-spy)2(H2O)2]}n 5.12 × 10−4 16.48 × 10−4 1.96−2 23c
{[Cd(adc)(4-spy)2-(H2O)2]}n 6.54 × 10−4 28.77 × 10−4 3.5 23c
[Cd(2,2′-dsb)(4-nvp)(DMF)(H2O)] 6.60 × 10−4 10.71 × 10−4 0.54 23d
[Cu2(L
1)2(μ-1,3-SCN)2]n 3.63 × 10−5 4.13 × 10−5 2.83 23e
[{CuLNa}2(μ1,1,3-NCS)HgCl2(μ1,3-NCS)]n 1.48 × 10−6 8.40 × 10−5 57 23f
[(NCS)Pb(H2O)LNi(NCS)]n 6.02 × 10−6 3.47 × 10−5 5.76 this work
aWhere HL1 = 2-(2-(ethylamino)ethyliminomethyl)-6-ethoxyphenol, H2adc = acetylenedicarboxylic acid, 4-pic = 4-picolene, 4-spy = 4-
styrylpyridine, H22,2′-dsb = 2,2′-disulfanediyldibenzoic acid (2,2′-dsba), and 4-nvp = 4-(1-naphthylvinyl)pyridine.
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I
AV
d
9
8
eff 0 r
2
3
μ ε ε
=
where I is the current, ε0 is the permittivity of free space, εr is
the dielectric constant, and d is the thickness of the ﬁlm (about
1 μm).
There are few more important charge transport parameters
like carrier concentration and transit time, which determine the
device performance. The carrier concentration (N), transit
time (τ), and diﬀusion length (LD) is estimated with the
following set of equations30
N
q eff
σ
μ
=
i
k
jjj
y
{
zzz
A
d
V
I
9
8
0 rτ ε ε=
where D is the diﬀusion coeﬃcient. The diﬀusion coeﬃcient
has been calculated by employing the Einstein−Smoluchowski
equation31
qD
kTeff
μ =
By analyzing the charge transport parameters, it is seen that the
diﬀusion length and carrier mobility increased and transit time
decreased after light illumination, which indicates that the
device could be very useful for photosensitive device
applications.
■ CONCLUSIONS
Although the nonlinear rectifying behavior of I−V character-
istics of few semiconducting material-based devices measured
under dark and illumination conditions proves their photo-
Figure 6. dV/d ln I vs current plot in dark and light conditions.
Figure 7. H vs current graph in dark and light conditions.
Table 5. Diﬀerent Charge Transport and Device-Related Parameters
RS (kΩ)
conditions on/oﬀ ratio σ (S cm−1) IF dV/d ln I H(I) ΦB (eV) μeff (cm2 V−1 s−1) N (m−3) × 1023 τ (μs) D (m2 s−1) × 10−8
LD
(nm)
dark 70 2.02 × 10−4 0.52 0.94 1.07 0.71 9.46 × 10−3 1.33 0.35 8.85 248
light 89 8.55 × 10−4 0.79 0.80 0.86 0.55 3.42 × 10−2 1.56 0.11 2.45 273
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sensitive Schottky diode character, there was no report in the
literature to use any X-ray-characterized hetero-bimetallic
coordination polymer for the fabrication of any optoelectronic
device before the present work. In this article, synthesis, X-ray
structure, and electronic properties of a hetero-bimetallic
nickel(II)/lead(II) CP has been described. The band gap (3.18
eV) of the material indicates that it belongs to the
semiconductor family. Intermolecular interactions play a key
role for molecular conductors and semiconductors. The
present complex forms a one-dimensional (supramolecular)
structure via coordinate bond. This coordinate bond formation
helps the complex to show very high conductivity. The
complex has been successfully applied in technologically
challenging thin-ﬁlm Schottky diodes with appraised diﬀerent
charge transport and device related parameters. The results
indicate that the material can be applied to photosensitive
active devices. The preparation of the complex thus illustrates a
potentially versatile approach to the construction of hetero-
bimetallic coordination polymers and their potential applica-
tion in the ﬁeld of optoelectronics.
We are still working in the laboratory to get better yield of
the product and to develop and characterize more systems
based on this strategy to generalize the concept.
■ ASSOCIATED CONTENT
*S Supporting Information
The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acsome-
ga.8b02025.
Crystallographic data (CIF)
Optical analysis; conductivity of the crystal; dielectric
measurements; IR, UV−vis, and ﬂuorescence spectra;
PXRD; thermogravimetric analysis; plot of d[ln(αhν)]/
d(hν) vs hν and plot of ln(αhν) vs ln(hν − Eg) (Figure
S1); selected bond angles (°) of the complex (Table S1)
(PDF)
Accession Codes
CCDC 1832205 contains the supplementary crystallographic
data for this paper.
■ AUTHOR INFORMATION
Corresponding Authors
*E-mail: partha@phys.jdvu.ac.in (P.P.R.).
*E-mail: shouvik.chem@gmail.com. Tel: +9133-2457-2941
(S.C.).
ORCID
Partha Pratim Ray: 0000-0003-4616-2577
Shouvik Chattopadhyay: 0000-0001-7772-9009
Notes
The authors declare no competing ﬁnancial interest.
■ ACKNOWLEDGMENTS
S.R. thanks UGC for providing fellowship. S.C. acknowledges
the UGC-CAS II programme, Department of Chemistry,
Jadavpur University, for funding under the head [Chemicals/
Consumables/Glassware].
■ REFERENCES
(1) (a) Batten, S. R.; Neville, S. M.; Turner, D. R. Coordination
Polymers: Design, Analysis and Application; Royal Society of
Chemistry: London, 2009; (b) Metal-Organic Frameworks. Applica-
tions from Catalysis to Gas Storage; Farrusseng, D., Ed.; Wiley-VCH
Verlag GmbH: Weinheim, 2011. (c) Katsenis, A. D.; Brechin, E. K.;
Papaefstathiou, G. S. Metal-Organic Framework Materials;
MacGillivray, L. R., Lukehart, C. M., Eds.; John Wiley and Sons:
U.K., 2014. (d) Janiak, C.; Vieth, J. K. MOFs, MILs and more:
concepts, properties and applications for porous coordination
networks (PCNs). New J. Chem. 2010, 34, 2366−2388. (e) Biradha,
K.; Su, C.-Y.; Vittal, J. J. Recent Developments in Crystal Engineering.
Cryst. Growth Des. 2011, 11, 875−886. (f) O’Keeffe, M.; Yaghi, O. M.
Deconstructing the Crystal Structures of Metal−Organic Frameworks
and Related Materials into Their Underlying Nets. Chem. Rev. 2012,
112, 675−702. (g) Kitagawa, S.; Kitaura, R.; Noro, S.-I. Functional
Porous Coordination Polymers. Angew. Chem., Int. Ed. 2004, 43,
2334−2375. (h) Luo, G.-G.; Xiong, H.-B.; Dai, J.-C. Syntheses,
Structural Characterization, and Properties of {[Cu(bpp)2(H2O)2]-
(tp)·7H2O} and {[Cu(bpp)2(H2O)](ip)·7H2O} Complexes. New
Examples of the Organic Anionic Template Effect on Induced
Assembly of Water Clusters (bpp = 1,3-Bis(4-pyridyl)propane, tp =
Terephthalate, ip = Isophthalate). Cryst. Growth Des. 2011, 11, 507−
515. (i) Luo, G.-G.; Wu, D.-L.; Wu, J.-H.; Xia, J.-X.; Liu, L.; Dai, J.-C.
Direct observation of conformational change of adipate dianions
encapsulated in water clusters. CrystEngComm 2012, 14, 5377−5380.
(2) (a) Teufel, J.; Oh, H.; Hirscher, M.; Wahiduzzaman, M.;
Zhechkov, L.; Kuc, A.; Heine, T.; Denysenko, D.; Volkmer, D. MFU-
4 − A Metal-Organic Framework for Highly Effective H2/D2
Separation. Adv. Mater. 2013, 25, 635−639. (b) Bhattacharya, B.;
Ghoshal, D. Selective carbon dioxide adsorption by mixed-ligand
Figure 8. I vs V graph in double logarithmic scale.
Figure 9. I versus V2 plot under dark and light.
ACS Omega Article
DOI: 10.1021/acsomega.8b02025
ACS Omega 2018, 3, 12788−12796
12794
porous coordination polymers. CrystEngComm 2015, 17, 8388−8413.
(c) Gole, B.; Bar, A. K.; Mallick, A.; Banerjee, R.; Mukherjee, P. S. An
electron rich porous extended framework as a heterogeneous catalyst
for Diels−Alder reactions. Chem. Commun. 2013, 49, 7439−7441.
(d) Feyand, M.; Mugnaioli, E.; Vermoortele, F.; Bueken, B.;
Dieterich, J. M.; Reimer, T.; Kolb, U.; Vos, D.; de Stock, N.
Automated Diffraction Tomography for the Structure Elucidation of
Twinned, Sub-micrometer Crystals of a Highly Porous, Catalytically
Active Bismuth Metal−Organic Framework. Angew. Chem., Int. Ed.
2012, 51, 10373−10376. (e) Horcajada, P.; Gref, R.; Baati, T.; Allan,
P. K.; Maurin, G.; Couvreur, P.; Feérey, G.; Morris, R. E.; Serre, C.
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